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ABSTRACT

Ye, Xiaoyang. M.S.M.E., Purdue University, August 2014. Synthesis and
Characterization of Bulk Metallic Glasses Prepared by Laser Direct Deposition. Major
Professor: Dr. Yung C. Shin, School of Mechanical Engineering.
Fe-based and Zr-based metallic glasses have attracted extensive interest for
structural applications due to their excellent glass forming ability, superior mechanical
properties, unique thermal and corrosion properties. In this study, the feasibility of
synthesizing metallic glasses with good ductility by laser direct deposition is explored.
Both in-situ synthesis with elemental powder mixture and ex-situ synthesis with prealloyed powder are discussed. Microstructure and properties of laser direct deposited
metallic glass composites are analyzed.
Synthesis of Fe-Cr-Mo-W-Mn-C-Si-B metallic glass composite with a large
fraction of amorphous phase was accomplished using laser direct deposition. X-ray
diffraction (XRD) and transmission electron microscopy investigations revealed the
existence of amorphous structure. Microstructure analyses by optical microscopy and
scanning electron microscopy (SEM) indicated the periodically repeated microstructures
of amorphous and crystalline phases. Partially crystallized structure brought by laser
reheating and remelting during subsequent laser scans aggregated in the overlapping area
between each scan. XRD analysis showed that the crystalline particle embedded in the
amorphous matrix was Cr1.07Fe18.93 phase. No significant microstructural differences were
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found from the first to the last layer. Microhardness of the amorphous phase (HV0.2 1591)
showed a much higher value than that of the crystalline phase (HV0.2 947).
Macrohardness of the top layer had a value close to the microhardness of the amorphous
region. Wear resistance property of deposited layers showed a significant improvement
with the increased fraction of amorphous phase.
Zr65Al10Ni10Cu15 amorphous composites with a large fraction of amorphous phase
were in-situ synthesized by laser direct deposition. X-ray diffraction confirmed the
existence of both amorphous and crystalline phases. Laser parameters were optimized in
order to increase the fraction of amorphous phase. The microstructure analysis by
scanning electron microscopy revealed the deposited structure was composed of
periodically repeated amorphous and crystalline phases. Overlapping regions with
nanoparticles aggregated were crystallized by laser reheating and remelting processes
during subsequent laser scans. Vickers microhardness of the amorphous region showed
around 35% higher than that of crystalline region. Average hardness obtained by a
Rockwell macrohardness tester was very close to the microhardness of the amorphous
region. The compression test showed that the fracture strain of Zr65Al10Ni10Cu15
amorphous composites was enhanced from less than 2% to as high as 5.7%, compared
with fully amorphous metallic glass. Differential scanning calorimetry test results further
revealed the amorphous structure and glass transition temperature Tg was observed to be
around 655K. In 3 mol/L NaCl solution, laser direct deposited amorphous composites
exhibited distinctly improved corrosion resistance, compared with fully-crystallized
samples.
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CHAPTER 1. INTRODUCTION

1.1

Motivation

Alloys for structural components are required to obtain a wide range of properties
to meet the increasing product requirements for various industries. For instance, a
combination of high strength-to-weight ratio, fracture toughness, and high-temperature
creep properties are required in the aerospace industry. In the medical area, alloys with
excellent wear/corrosion resistance, biocompatibility and fatigue strength are highly
desired in the complex bio-applications. These needs have escalated the demands for the
design and synthesis of innovative alloy systems. An attractive feature of advanced
materials is that they could be designed and synthesized with improved and well-defined
properties for specific applications.
Among the newly developed innovative alloys, metallic glasses have attracted
tremendous attention due to their potential in structural applications. They are about
twice as strong as the traditional carbon steel, with greater wear and corrosion resistance,
and are tougher than ceramics with better elasticity. Significant progress has been
achieved in developing new metallic glasses in terms of improving the glass forming
ability and exploring innovative techniques in synthesizing metallic glasses with larger
dimensions and better properties.
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Advances in manufacturing technologies continually expand the approaches used
in the synthesis of innovative materials. In order to achieve a combination of properties
and performance better than those of the existing materials, materials often need to be
processed under far from equilibrium or non-equilibrium conditions. One emerging
technology is laser direct deposition, which is among the category of additive
manufacturing originally invented for plastic rapid prototyping. Laser additive deposition
provided an innovative way of building complex components and broadened the types of
deposition material possibilities. More importantly, features such as localized heat input,
rapid cooling and non-equilibrium processes enable laser direct deposition to be a
powerful technology in synthesizing metallic glasses.
However, the crystallization behavior of metallic glasses is highly associated with
the cooling rate experienced during the solidification process. This presents a tremendous
challenge to synthesize metallic glasses by laser direct deposition, due to its complicated
thermal history during the laser direct deposition process. In addition, defects brought by
the rapid cooling process are also factors that limit the structural applications. In this
thesis, an approach to synthesize metallic glass composites by laser direct deposition is
proposed. The microstructure and properties of laser direct deposited metallic glasses are
examined in order to explore their potential applications.

1.2

Introduction to Metallic Glasses

Bulk metallic glasses (BMG), also well-known as amorphous alloys, are relatively
new materials with an unusual combination of physical, magnetic, mechanical and
chemical properties, due to their unique structure. Solid alloys with a liquid-like random
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atomic arrangement are metallic glasses or amorphous metals [1]. Conventional metallic
materials have a crystalline structure consisting of crystal grains of varying size arranged
in the microstructure. Crystalline structures are produced by the nucleation and growth of
crystalline phases from the molten alloy during solidification. Conventional alloys obtain
periodic atomic structures, where the layout of atomic elements shows periodic repeating
patterns over an extended range. On the contrary, the atomic structure of an amorphous or
metallic glass exhibits a disorderly and random atomic arrangement without discernable
patterns.
Extensive research has been done to synthesize new alloys, understand their
formation mechanisms, and characterize their microstructure and properties. The study on
the formation mechanisms significantly enhanced the understanding of this material.
Superior properties made metallic glasses potential materials for applications in diverse
engineering areas. To date, a number of metallic glasses have been successfully
developed and commercialized for engineering applications. In the following sections, a
brief review will be provided on the formation principles, development history, synthesis
approaches, properties and applications of metallic glasses.

1.2.1

Glass Forming Ability

The ability to retard the crystallization process during cooling from liquid is
strongly dependent on the BMG material nature such as composition and alloy systems.
A term called glass forming ability (GFA) is used as an indicator of the ability of forming
metallic glasses. Critical cooling rate and maximum attainable size, also known as critical
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casting thickness, are both direct indicators of GFA. The smaller the critical cooling rate
is or the larger maximum attainable size is, the higher GFA should be.
In the early research about metallic glasses, fully metallic glasses could only be
achieved with a critical cooling rate as high as 106 K/s by rapid quenching, and the
critical thickness was limited to around 50-100 μm [2]. Since the early 1990s, research
groups such as Inoue’s group [3,4,5,6] and Johnson’s group [7,8] achieved metallic
glasses with low critical cooling rates varying from 1K/s to 100K/s, and several mm or
cm in thickness.
Figure 1-1 [9] shows the critical cooling rate RC as a function of the reduced glass
transition temperature. The reduced glass transition temperature Trg, which is the ratio of
the glass transition temperature Tg to the liquidus temperature Tm, critically indicates the
GFA [10]. As can be seen, the GFA is a strongly alloy-system-dependent property. The
critical cooling rate requirements of several metallic glasses are close to the scale of
oxide glasses.
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Figure 1-1: Critical cooling rate RC in order to form a glass (avoid crystallization) as a
function of the reduced glass transition temperature [9].
Figure 1-2 [16] summarizes the improvement of critical casting thickness in the
recent decades. This improvement was achieved mainly via the gradual expansion of the
alloy system. At first, high GFA alloy systems were mainly based on expensive metallicbased elements such as Pd [11], Pt [12] or Au [8], and then followed by the relatively
lower cost elements such as Zr- [15], Ti- [13] and La- [10] based metallic glasses. In the
1990s, more inexpensive Fe- [14], Cu- [15] and Mg- [11] based metallic glasses were
developed. Lower cost and better GFA made metallic glasses promising and practical
structural materials. In addition, better GFA has also allowed the expansion of applicable
synthesis techniques with relatively smaller cooling rates.
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Figure 1-2: Improvement of the critical casting thickness as a function of time [16].
However, the critical cooling rate is difficult to measure experimentally and the
maximum attainable size strongly depends on the fabrication method used. An alternative
approach is to establish reliable criteria for the glass formation from its underlying
physical insights and mechanisms, and then derive simple gauges to reflect the relative
GFA of various alloy systems [32]. Among these parameters, the most widely used one is
the reduced glass transition temperature Trg, which was described in the previous
paragraph. This indicator was introduced by Turnbull [17] with an assumption that the
nucleation frequency and crystal growth of a melt scales inversely with the viscosity of
the liquid. With the development of multicomponent alloy systems, another
representative GFA indicator, the supercooled liquid region ΔTxg, has been proposed by
Inoue. The supercooled liquid region ΔTxg is the temperature difference between the
onset crystallization temperature Tx and the glass transition temperature Tg, and this
indicator is introduced for the consideration of supercooled liquid stability against
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crystallization [18]. These two indicators are well-known and widely utilized in the
development of metallic glass alloy systems.

1.2.2

Development History of Metallic Glass Alloy Systems

Theories of crystal nucleation and growth may describe the thermodynamics and
kinetics of a glass forming procedure, but are not a practical way in predicting the glass
forming ability due to the heavy data demanding. An understanding of glass forming
ability is the key in developing new metallic glasses. Several theories have been
developed as the criteria of alloy design, which are briefly described below [19].
1. Multi component systems: Compared with binary metallic glasses developed in
the early stages, multi component alloy systems have proven to obtain much better GFA.
Alloy systems with at least three elements have been considered as a key requirement in
the formation of metallic glasses. Greer proposed a confusion principle, “the more
elements are involved, the lower the chance is that the alloy can form a viable crystal
structure” [20]. The crystallization process will be suppressed by introducing multiple
chemically different atoms. This forces the complexity and size of the crystal lattice to
increase with the increasing number of different elements. In addition, increasing
chemical complexity may also cause denser packing and higher viscosity.
2. Different atomic sizes: With significant differences in the atomic sizes, the
random packing density of the alloy increases, free volume is lowered and atomic
rearrangements are impeded.
3. Large negative heat of mixing: A negative enthalpy of mixing is an indication
of the miscibility of the intermetallic compounds. According to thermodynamics, a
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negative heat of mixing tends to lower the system’s free energy change, and enhance the
chance of forming metallic glasses.
4. Criteria such as a large Trg (reduced glass transition temperature) and ΔTxg
(supercooled liquid region): As mentioned above, the reduced glass transition
temperature is defined as Trg=Tg/Tl. Based on a simple nucleation theory with typical
metallic material parameters, Turnbull proved that reduced glass transition temperature
Trg is a key parameter that determines whether or not the melt of a given material can
form a glass [17]. Also, a larger supercooled liquid region is an indicator for the
supercooled liquid stability against crystallization.
Since first developed in late 1950s, metallic glass alloy systems, which are
typically classified based on constituent elements, have been widely expanded. Table 1.1
summarizes the important alloy systems arranged in the chronological order of discovery.
The development history of metallic glasses is mainly related to the improvement of glass
forming ability in terms of critical cooling rate and critical casting thickness.

Table 1-1: Development history of several important metallic glass systems.
Base
Alloy System
Samples
Research Groups
Au-Si
Au80Si20 [21]
Duwez
Au
Chen
Pd Pd-M-Si (M: Ag, Cu, or Au) Pd77.5Cu6Si16.5 [22]
Zr-Ti-Cu-Ni-Be
Vitreloy
[7]
Johnson
Zr
La-Al-Ni
La55Al25Ni20 [4]
Inoue
La
Mg-Cu-Y
Mg65Cu25Y10 [5]
Inoue
Mg
Fe-Co-Ni-Zr-B
Fe1-x-yCoxNiy [6]
Inoue
Fe

Year
1960
1969
1980
1988
1991
1995

Several metallic glass alloys have been commercially available. Liquidmetal and
Vitreloy are commercial names of a series of amorphous metallic alloys developed by a
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California Institute of Technology research team and marketed by Liquidmetal
Technologies. The Vitreloy series include a range of Zr-based alloys as such Vitreloy 1,
Vitreloy4 and Vitreloy 105. More recent developments such as Vitreloy 106a and
Vitreloy 101a include Cu-based glass forming powders. A composition summary of the
Vitreloy series is listed in Table 1-2. Currently most commercialized alloy systems are
Zr-based metallic glasses, due to their superior glass forming ability.

Table 1-2: Elemental composition of Vitreloy products.
Alloy
Vitreloy 1 Vitreloy 4 Vitreloy 105 Vitreloy 106a Vitreloy 101a
Zr
Zr
Zr
Zr
Cu
Element
41.2
46.75
52.5
58.5
47
at%
Be
Be
Ti
Cu
Ti
Element
22.5
27.5
5
15.6
33
at%
Ti
Ti
Cu
Ni
Zr
Element
13.8
8.25
17.9
12.8
11
at%
Cu
Cu
Ni
Al
Ni
Element
12.5
7.5
14.6
10.3
8
at%
Ni
Ni
Al
Nb
Si
Element
10
10
10
2.8
1
at%
1.2.3

Synthesis Techniques

For the synthesis of bulk metallic glasses, two approaches can be applied: 1.
Improve the GFA by alloy system design; 2. Increase the cooling rate during
solidification. An increasing number of solidification methods have been applied in
producing metallic glasses with the development of new alloy systems that require lower
cooling rates. Various techniques including water quenching [4], high pressure die
casting [23], unidirectional zone melting [24], arc melting [16], gas-atomizing [25], and
high velocity fuel spraying [26] have been reported in the synthesis of metallic glasses.
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The synthesis techniques were initially limited by the critical requirement for a
high cooling rate. Most techniques employed were based on ejecting the melted alloy into
a heat sink. Table 1-3 [27] summarizes the cooling rates of typical techniques utilized in
synthesizing metallic glasses. The traditional technique such as water quenching provides
a cooling rate of around 102 K/s. Modern techniques involve unidirectional zone melting
or arc melting and then injection molding with casting in a copper mold. For instance,
melt-spinning, which project a jet of melt alloy against a polished high-speed rotating
copper wheel, is another widely utilized technique in developing metallic glasses. Gas
atomization is also a non-equilibrium technique utilized in the synthesis of metallic
glasses. In this process the alloy melt jet is broken up by a cold and transverse liquid or
gas into droplets, which solidify by transferring their heat into the atomizing fluid to
make melt-quenched powders. However, gas atomization can only produce samples in
particle morphology.

Table 1-3: Typical cooling rates for various synthesis techniques [27].
Approaches
Splat cooling
Water Quenching
Arc Casting
Gas Atomizing
Thermal Spray Coating
Laser Direct Deposition

Cooling rate
105-1012
10-102
10-102
103-106
105-108
102-106

Rapid cooling is the main consideration for the selection of a metallic glass
synthesis technique. In methods discussed above, the common scheme is to increase the
free energy of the system (by either raising the temperature, pressure, or the input of
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mechanical energy) and subsequently quenching the material to either retain the
metastable phase or to use as an intermediate step to achieve the desired microstructure
and properties [17]. Rapid cooling is usually achieved by limiting the melt into a small
geometry in order to reach a fast removal of thermal energy. Another way of achieving a
rapid cooling process is use of intimate thermal contact with a good heat-conducting
substrate to rapidly extract the heat from the liquid metal.

1.2.4

Properties of Metallic Glasses

BMGs obtain unique properties for their amorphous structure and atomic
arrangement, which are free of such defects as dislocation, segregation or vacancy.
Several key properties can be used in the definition of metallic glasses. In addition, it’s
necessary to fully characterize metallic glasses for their combination of physical,
magnetic, mechanical and chemical properties. The behavior of metallic glasses becomes
important when these materials need to be used in aggressive and hostile environments
and working conditions.
Viscosity is a measure of the resistance of a fluid that is being deformed by either
shear stress or tensile stress. Compared with pure metals, which obtain viscosities on the
order of 10-2 Poises, the viscosities of melted metallic glasses are several orders of
magnitude more, on the order of 1-50 Poises [28]. High viscosity and the correspondingly
small free volume of the liquid at the melting temperature contribute significantly to
improving the glass forming ability, which is the ability indicator of certain alloy systems
in forming metallic glasses. Viscosity, which tends to prevent the crystallization
procedure, usually increases with cooling. In the supercooled form, a liquid state can be

12
retained below the melting point due to the lack of nucleation sites for the initiation of
crystallization. When viscosity rises rapidly, in other words when the temperature drops
rapidly enough, the nucleation or crystallization procedure can be fully suppressed, and
atoms remain in a disordered arrangement. Atomic movement is impeded at the welldefined temperature, termed glass transition temperature Tg. The viscosity is sensitive to
temperature change around Tg.
The specific heat, enthalpy for instance, of a metallic glass can exhibit a steep and
reversible increase as compared to the behavior of its crystalline counterpart at Tg [29].
This is caused by a second order transition (glassification) between the supercooled liquid
state and the glassy state, which is not as dramatic as the phase change during liquid to
crystalline transition. This transition can be detected from the change in the thermal
expansivity and heat capacity. The thermal expansion coefficient αp and isobaric heat
capacity cp change abruptly but continuously at Tg [30]. A glass transition occurs at
temperature Tg lower than crystalline temperature Tx, at which the amorphous phase is
fully crystallized.
One direct result from the unique microstructure is very high yield strength,
which exceeds the strength limit of known crystalline pure metals or alloys and
approaches that of engineering ceramics. As can be seen in Figure 1-3, the theoretical
strength of metallic glasses can be several times that of traditional engineering metals
such as steels. With a random distribution of atoms, there aren’t groups of atoms that can
easily move because they are gridlocked into the glassy structure [31].
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Figure 1-3: Relationship between tensile strength and Young’s modulus for some typical
BMGs. The data for crystalline alloys are also shown for comparison [32].
As shown in Figure 1.4, amorphous metallic alloys exhibit a combination of
higher strength than crystalline metal alloys and the elasticity of polymers at the same
time. Due to the relatively higher Young’s modulus and also higher elastic limit, metallic
glasses exhibit much higher yield strength compared with traditional crystalline alloys.

14

Figure 1-4: Amorphous metallic alloys combine higher strength than crystalline metal
alloys with the elasticity of polymers [33].
Except for several Pd-based alloys [38], most BMGs however exhibit limited
fracture toughness, which is of the same order of magnitude with cast irons. Generally,
ductile metals have very high fracture toughness and fairly low yield strength. Metallic
glasses generally show limited plastic yielding and have toughness-strength relationships
that lie between brittle ceramics and marginally tough materials. Unlike conventional
ductile metals, metallic glasses exhibit a shear-band fracture mechanism. In uniaxial
tension and compression, once a few shear bands are formed, plastic deformation remains
highly localized there, which prevents the generation of new shear bands and makes the
existing shear bands propagate rapidly through the samples, resulting in catastrophic
failure [34]. In addition, unlike conventional metals, bulk metallic glasses exhibit the
opposite behavior, namely, strain-induced softening and annealing-induced hardening
[35]. As a result, plasticity of most bulk metallic glasses is usually limited at room
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temperature. The plastic stain is near zero in uniaxial tension/compression for most
metallic glasses, due to shear localization and work-softening [36]. Varying degrees of
brittle and plastic failure creating intricate fracture patterns are observed in metallic
glasses, quite different from those observed in crystalline solids [ 37 ]. The lack of
plasticity hinders the application of bulk metallic glasses as a structural material.

Figure 1-5: Ashby map of the damage tolerance (toughness versus strength) of materials
[38].
Currently, some success has been achieved through introducing the composite
microstructures, which typically combine a strong glassy matrix with ductile crystalline
reinforcements that suppress fracture while maintaining high strength. This composite
microstructure can be obtained by introducing nanocrystallization [39] or by reinforcing
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ceramic particles [ 40 ]. Observation of the fracture surface reveals that with the
introduction of crystalline phases, the fracture type changes from vein type to intergranular cleavage type [41]. Flores et al. [42] reported that the fracture resistance and
fatigue endurance limit of Zr-Ti-Nb bulk metallic glass can be significantly improved by
introducing ductile phase. Narayan et al. [43] investigated the correlations between the
microstructure and tensile property of Zr/Ti-based BMG composites. The effects of
microstructural length scales such as dendrite size and the interdendritic spacing were
discussed. It has been observed that larger dendrite size in arc-melted and forged
specimens results in higher ductility and lower hardening rates. Finer interdendritic
spacing results in significant improvements in both ductility and yield strength. Wang et
al. [44] presented a novel Fe42Co7.3Ni16Cr11.8Cu6.3C14.8Y1.8 amorphous composite with
superior fracture strain and toughness. The hierarchical crystalline phase was created
through deviating from the best glass forming composition of FeCoCrMoCBY. In
addition, several processing techniques such as flux treatment [45] and shot-peening [46]
were utilized to improve the plasticity and facture toughness.
Apart from mechanical properties, metallic glasses are also well known for their
superior corrosion resistance. The corrosion behavior of metallic glasses becomes
important when these materials need to be used in aggressive and hostile environments.
The absence of defects such as grain boundary, dislocations, and second phase
precipitates results in a much higher corrosion resistance than conventional crystalline
metals. In crystalline alloys, corrosion mostly occurs at such defect features.
The major constituents of most amorphous alloys (Zr, Fe, Ni, Al and Mg) are
inherently reactive on exposure to aqueous environments; i.e., there is a negative free-
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energy change for the formation of corrosion products from the elemental metal when
reacted with oxygen or water [47]. Unlike metallic glasses, the corrosion resistance for
traditional alloys such as stainless steel is usually related to the passive film. The
improvement of corrosion resistance is attributed to the increased durability of the
passive film or to enhanced resistance to localized corrosion where the passive film is
broken or damaged. In the case of metallic glasses, improved corrosion resistance is
attributed to several factors: defect minimization, film ductility, and structural and
compositional homogeneity [47].
Apart from the mechanical and chemical properties discussed above, metallic
glasses are also known to attain unique physical, magnetic properties. Metallic glasses
therefore have potential applications in diverse engineering areas, due to their combined
properties.

1.3

Laser Direct Deposition for Synthesis of Metallic Glasses

The unusual combination of engineering properties attracted extended interest.
However, several factors limited the applications of metallic glasses. The biggest one is
their limited GFA, coupled with the size and cost requirement. This requires a high
cooling rate for the formation of metallic glasses and also limits available size.
Laser processing has attracted considerable attention in the synthesis of metallic
glasses owing to its non-equilibrium rapid cooling characteristics, which are conducive to
the forming of glassy structure. Laser direct deposition involves fast melting and
subsequent rapid solidification which can yield the diverse microstructural morphologies
of the deposited components. The various microstructural morphologies result from a
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significant difference of the local temperature gradient and solidification velocity within
the molten pool [57].
Laser processing techniques such as laser grazing [48] and laser cladding [49,50,51]
are mainly applicable to surface treatment or surface coating. Carvalho et al. [ 52 ]
produced Zr60Al15Ni25 surface coating consisting of an amorphous phase, by a two-step
laser processing method. The initial step is cladding of the material at a low scanning
speed to assure a high quality clad. Then the second step is the remelting of the cladded
material using a high scanning speed. Similarly, Audebert et al. [53] also synthesized Zr-,
Mg- and Al-based metallic glass surface coatings on an aluminum substrate by two-step
laser cladding. Wang et al. [54] studied the microstructure and properties of one-step
laser cladded Zr-based amorphous coatings on Ti substrates. The coating consists of a
mixture of intermetallic compounds, including a nanocrystalline phase and an amorphous
phase. Yue et al. [55, 56] reported the one-step laser cladding of a Zr-based amorphous
alloy on a Mg substrate. It’s necessary to note that in these cases the metallic glasses are
mainly synthesized by the single-track or single-layer laser cladding process, which is
only applicable to producing surface modification coatings with limited dimensions.
By using a diode laser with a relatively large laser beam size, single track laser
cladding is capable of building a coating larger in width, which is still limited by the laser
beam size. Multi-track laser cladding enables the synthesis of coatings with a large width.
However, in order to build 3-D components rather than surface coatings, a multi-layer
laser processing technique is needed. There are only a few cases reported in literature on
the multi-layer laser processing of metallic glasses. Achievements were mainly hindered
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by the difficulties associated with the control of microstructure due to the complicated
thermal history during the laser deposition processes.
Reports about the fabrication of bulk metallic glass components by laser directdeposition techniques are limited. Zheng et al. [19] utilized a LENS (Laser Engineered
Net-Shaping) system in building multi-layer Fe-based metallic glass components. Upper
deposition layers exhibited varying degrees of decomposition into nanocrystalline or even
micro-scale dendrites due to heat accumulation during the laser deposition. Sun [57]
studied Zr58.5Cu15.6Ni12.8Al10.3Nb2.8 alloy prepared by laser direct deposition. Multi-layer
deposited Zr-based metallic glass exhibited a homogeneous microstructure, due to the
superior glass forming ability. However, an attempt in preparing large dimension
amorphous structures was not reported. Therefore, laser deposited amorphous structures
were mainly limited to coating applications. In addition, in these cases, pre-alloyed
powders were utilized as raw material in synthesizing metallic glasses by laser direct
deposition. To the best of our knowledge he use of elemental powders has not been
reported.

1.4

Research Objectives

The goal of the work discussed in this thesis is to overcome the challenges
encountered with traditional synthesis techniques by utilizing laser direct deposition and
eventually achieve the 3D laser direct deposition of metallic glass components with
combined superior properties. Especially the present research seeks to achieve the in-situ
laser additive synthesis of amorphous composite using elemental powders and the
compression properties of the resultant alloy, which has not been attempted to the best of
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the authors’ knowledge. The scope of this study includes microstructural characterization
and thermal analysis, as well as the evaluation of mechanical and corrosion properties.
Among these properties, extensive efforts will be made on the improvement of ductility
in order to enhance the structural applications for metallic glasses produced by laser
direct deposition.
Two material sources will be used in synthesizing near-net-shape metallic glass
components: 1. pre-alloyed powder; 2. pre-mixed elemental powders. The first approach
is mainly utilized in the synthesis of new materials by laser processing. The second
approach is more cost effective than the use of pre-alloyed powder. Moreover, the second
approach provides more flexibility in adjusting the ratios of different elements, which is
useful for exploring the formation and the properties of different metallic glasses.

1.5

Research Approaches

Drawbacks in current research motivated the goal of synthesizing metallic glasses
with defect-free deposition layers and homogeneous microstructure by laser direct
deposition. This requires a good understanding of the development of the microstructure
and properties of metallic glasses, and also the thermal history and cooling rate during
deposition. This can be accomplished via a combination of analytical, computational and
mainly experimental investigations of the laser direct deposition process. Microstructure
characterization, thermal behavior studies and properties studies will be combined to
study the underlying physical mechanism and optimize the laser direct deposition process
in an effort to control microstructure and tailor the properties of metallic glasses.
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Both Fe-based and Zr-based metallic glasses are selected for the target material due
to their superior glass forming ability and excellent properties.
Fe-based metallic glasses exhibit limited glass forming ability, with a critical
cooling rate around 103-105K/s, and also involve much lower cost at the same time.
Though suffering from relatively smaller glass forming ability, Fe-based metallic glasses
are still important candidates for laser direct deposition due to their superior properties,
especially mechanical properties. As can be seen from Figure 1-3, Fe-based metallic
glasses are known for their superior strength, compared with other metallic glass alloy
systems. In addition, Fe-based metallic glasses usually attain high hardness and also
excellent resistance to wear. Therefore, a study on the laser direct deposition of metallic
glasses shall be conducted on Fe-based amorphous alloy, using pre-alloyed commercial
SHS7574 amorphous alloy.
For the synthesizing of metallic glasses using pre-mixed elemental powders, Zrbased metallic glass is selected as target material. Zr-based metallic glasses are well
known for their excellent glass forming ability, whose critical cooling rates are around
10-103 K/s. Zr65Al10Ni10Cu15 is among Zr-based metallic glasses, which exhibit a small
critical cooling rate and a wide supercooled region [58]. In addition, the composition of
Zr65Al10Ni10Cu15 alloy doesn't include elements such as Nb, Si or Be. The atomic ratio of
these elements is relatively lower, which will post technical challenges to achieve the
well mixed powder mixture.
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1.6

Outline of the Thesis

The Thesis is organized in five chapters. The first chapter provides introduction to
bulk metallic glasses and current research progresses on the synthesis of metallic glasses
by laser processing technics.
After the first chapter, the second chapter will focus on the experimental
procedures in the synthesis, analyses, and characterization of metallic glasses synthesized
by laser direct deposition.
The third chapter describes the examined results about the microstructure and the
resultant properties of the Fe-based metallic glass coating prepared by laser direct
deposition. Microstructure is discussed for both the cases of single-layer and multi-layer
deposited coating, and the phase transformation behavior is also discussed. The
characterization of mechanical properties includes hardness and wear resistance
properties.
The fourth chapter presents the synthesis and characterization of the Zr-based
amorphous composite component, which is in-situ prepared by laser direct deposition.
Optimized composition and laser parameters are presented for the formation of the
amorphous phase. Mechanical properties, thermal behavior, and corrosion properties are
analyzed and discussed.
The fifth chapter covers conclusions and suggestions for future work.
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CHAPTER 2. EXPERIMENTAL PROCEDURES

2.1

Outline

This chapter presents a detailed description of feedstock materials, laser direct
deposition, sample preparation, testing and analysis procedures involved in the study to
evaluate the laser direct deposited metallic glasses. Both gas-atomized Fe-based powder
and pre-mixed Zr-based elemental powder were used as feedstock materials. All laser
processing experiments were carried out using the Laser Engineered Net Shaping
(LENSTM) laser direct deposition technology. Microstructure of deposited metallic
glasses was characterized by optical microscopy (OM), scanning electron microscopy
(SEM), energy dispersive X-ray spectroscopy (EDS), transmission electron microscopy
(TEM) and X-ray diffraction (XRD). Mechanical, thermodynamics properties and
corrosion behaviors of laser direct deposited metallic glasses were also investigated.

2.2

Investigated Materials

In the present work, laser direct deposition of metallic glasses using both gasatomized powders and pre-mixed elemental powders is discussed. Both Fe-based and Zrbased metallic glasses were chosen as target materials due to their excellent glass forming
ability and thermal stability in order to reduce the potential for crystallization due to the
cumulative heating effects experienced during laser direct deposition. The deposition of
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Fe-based metallic glass was using commercial pre-alloyed powder, which was prepared
by gas-atomization. The characterization and properties will be discussed in Chapter 3.
However, pre-mixed elemental powders were utilized as raw material for the deposition
of Zr-based metallic glass. Chapter 4 will focus on the microstructural analysis and the
properties of laser deposited Zr-based metallic glass.
As for the Fe-based raw material, gas atomized SHS7574 powder (The Nanosteel
Company Inc., Idaho Falls, ID) with a size range of 44 to 149μm (-100/325 mesh) was
selected as the starting material. SHS7574 is a Fe-based Fe-Cr-Mo-W-Mn-C-Si-B
powder and the composition is listed in Table 2-1.

Table 2-1: Composition of gas atomized SHS7574 powder.
Element
Fe
C Si Cr Mo W Mn B
Content balanced <3 <2 <25 <15 <10 <5 <5

On the aspect of Zr-based raw material, the target material is Zr65Al10Ni10Cu15.
Table 2-2 presents the characteristics of elemental powders used during the current
investigation. Among these four elemental powders, Zr powder is relatively larger in
mesh size, which is around 300 μm (50 Mesh). Therefore, as-received Zr powder was
ball-milled to the size less than 150 μm (-100 Mesh) before mixing with the three other
powders. Original Zr powder was immersed in the ethanol and milled for 1.5 hours. The
powder slurry was vaporized in vacuum environment and then particles with size smaller
than 150μm were selected by sieving. The Zr particles with reduced sizes were further
mixed with three other powders into the target atomic ratio by ball milling in an argon
atmosphere. Pre-mixed elemental powders were used as feedstock for laser direct
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deposition of Zr65Al10Ni10Cu15. Due to the compositional difference between the initial
mixing ratio and the actual ratio of deposited structure, several sets of initial composition
were examined in order to approach the target composition. The influence mechanism of
initial composition will be discussed in detail at Chapter 4.
Table 2-2: Specification of elementary powders.
Element
Zr
Al
Ni
Cu

Manufacturer
Atlantic Equipment Engineers
Atlantic Equipment Engineers
Atlantic Equipment Engineers
Atlantic Equipment Engineers
2.3

Mesh Size
-100 Mesh
-100 Mesh
-100/+325 Mesh
-100 Mesh

Purity
99.50 %
99.80 %
99.90 %
99.90 %

Laser Direct Deposition

All of the laser direct deposition experiments were performed on a LENS® 750
system (Optomec Inc. Albuquerque, NM) equipped with a 500W fiber laser. Laser
deposition experiments were conducted inside the LENS® 750 working chamber, filled
with argon to keep the oxygen level lower than 10 ppm. In addition, argon was used as
shield gas for the laser head. The Fe-based or Zr-based metallic powder was fed through
4 coaxial nozzles with the argon gas and injected into the laser spot. The detailed
procedures for synthesizing both Fe-based and Zr-based metallic glasses were discussed
in the following sections.

2.3.1

Laser Deposition of Fe-based Alloy with Pre-alloyed Powder

In order to carefully control the thermal history and further reduce the crack
tendency, the substrates were preheating prior to laser direct deposition and then the
deposited structures were kept at an elevated temperature. A MHI GAXP HeadPad®
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including a K-type thermocouple (MHI, Cincinnati, Ohio) was attached inside the
LENS® 750 working chamber. A 304L stainless steel substrate with 3mm thickness was
cut into 20 X 20 mm and cleaned with acetone before deposition.
The substrate was preheated at the max power of the heatpad and the surface
temperature was measured to be around 422ºC by a K-type thermocouple. Samples were
built into cylinder form with 10mm in diameter, using the parameters listed in Table 2-3.
Key parameters such as laser power, laser scanning speed, powder feeding rate and
preheating temperature were carefully selected through preliminary tests in order to
achieve defect-free structure without a significant microstructural change from the
bottom layer to the top layer. Among those parameters, higher laser power would
significantly increase the actual deposited thickness and a larger deposited thickness
would increase the fraction of amorphous phase due to the relatively smaller reheating
and remelting areas. In addition, increased laser power would also reduce porosity in the
deposited structure. Laser scanning speed is the speed at which the laser head travels with
respect to the substrate and larger scanning speed would directly reduce heat input and
enhance the cooling rate during the deposition process. Cooling rate can also be reduced
by a higher preheating temperature. Hatch spacing is distance between two adjacent
tracks and 0.381mm spacing is chosen in consideration of a smaller remelting area. After
depositing one layer, the orientation of laser scan is rotated by 90 ºand the laser head
moves away from the substrate by a pre-set value, which is the layer thickness measured
from the one-layer deposited structure. One more key parameter influencing the
microstructure is the time interval between each track and layers. In order to further
increase the cooling rate, a 5s time interval was added to allow the deposited layer to cool
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before depositing subsequence tracks and layers. Temperature prior to deposition process
was measured 5 seconds after laser deposition process, also by K-type thermocouple.
According to both experimental and numerical results reported by Zheng [19], laser
direct deposited samples reached stable temperature within 3s after the deposition process.
After the deposition procedure, samples were slowly cooled to room temperature by
gradually turning down the power input of the heatpad.

Table 2-3: Parameters for laser direct deposition of Fe-based metallic glass.
Parameter
Value/Unit
350W
Laser Power
36mm/s
Laser Scanning Speed
0.5mm
Laser Beam Size
12.6g/min
Powder Feeding Rate
5s
Time Interval between each tracks
0.254mm
Layer Thickness
Around 422 ºC
Preheating Temperature
0.381mm
Hatch Spacing
90 º
Hatch Angles between Successive Layers
<20ppm
Oxygen Level in Chamber
2.3.2

Laser Deposition of Zr-Based Alloy with Elemental Powder

The pre-mixed Zr-based powder was fed through 4 coaxial nozzles with the argon
gas and injected into the laser spot. Due to the compositional difference between the
initial mixing ratio and the actual ratio of deposited structure, several sets of initial
composition were examined in order to approach the target composition. An Inconel 625
substrate (McMaster-Carr) was cut into a dimension of 20mm
cleaned with acetone before the laser deposition process.

20mm

3mm and
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Laser direct deposited samples were built into square shape with 10mm

10mm

in dimension, using parameters shown in Table 2-4. Among these parameters, laser
power and laser scanning speed were most critical for the formation of amorphous
structure. Therefore, these parameters were varied within the ranges shown in Table 2-4
for optimization. The actual deposited layer thickness can be varied by different heat
input, which is decided by laser power and laser scanning speed. The actual layer
thickness was measured and averaged from the multi-layer deposited samples. Apart
from the three parameters listed in the Table 2-4, the other parameters were kept constant
for all samples. A 7s time interval was added to allow the deposited layer to cool before
depositing subsequence tracks and layers. This interval will increase the cooling rate
during the deposition process. Hatch spacing is the distance between adjacent tracks and
a 0.432 mm distance was used to achieve an overlapping ratio at around 15%. After
depositing one layer, the orientation of laser scan was rotated by 90 ºand laser focal point
was elevated in height by a pre-set distance, which is equal to the measured actual layer
thickness.

Table 2-4: Laser direct deposition parameters.
Parameter
Laser Power
Laser Scanning Speed
Layer Thickness
Laser Beam Size
Powder Feeding Rate
Time Interval between each tracks
Hatch Spacing
Hatch Angles between Successive Layers
Oxygen Level in Chamber

Value/Unit
150-350W
10-30mm/s
0.127-0.254mm
0.5mm
9.1g/min
7s
0.432mm
90 º
<10ppm
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2.4

Characterizations

After the laser direct deposition process, the microstructure and phase constitution
of deposited samples were characterized with optical microscopy (OM), scanning
electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), transmission
electron microscope (TEM) and X-ray diffraction (XRD).

2.4.1

Optical Microscopy and Scanning Electron Microscopy Analyses

Microstructures of as-deposited samples were characterized using an optical
microscope (Zeiss) and a scanning electron microscope (SEM JEOL JSM-T330). The
approximate quantitative composition of deposited samples was identified with the aid of
EDS detector, which is attached to the JEOM T-300 SEM. Laser deposited samples were
sectioned with a Al2O3 blade, polished with four coarse grits (320, 400, 600 and 800) and
followed by two final polishing media (6-µm diamond and 0.05-µm colloidal silica).
Polished Fe-based metallic glass samples were etched by aqua regia for 30s to reveal the
microstructure. Ze-based metallic glass samples were etched in the hydrofluoric etchant
(1% HF, 99% DI water) for 5s.

2.4.2

Transmission Electron Microscopy Analysis

Detailed microstructure characterization was performed on a high-resolution
transmission electron microscope (TEM Titan 80-300 kV Environmental Electron
Microscope), equipped with High-Angle Annular Dark-Field (HAADF) detector and
Electron Energy Loss Spectroscopy (EELS). TEM samples were prepared from the sites
of interest using a FEI Nova 200 NanoLab DualBeamTM-SEM/FIB. Another final
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milling step process was conducted to reduce the induced damage to the specimen. A
micromanipulator was used to extract the milled foils, which were milled into 15 μm by
8μm.

2.4.3

X-ray Diffraction Analysis

In order to examine the phase constitution of deposited structure, the substrates
were sectioned with an Al2O3 blade to reveal the deposited structure only and then the top
surface of deposited structure was ground by a sand paper of 800 grits. Powder
specimens were prepared into thickness with 1mm and attached on a zero-background
disk for the XRD diffraction tests. An X-ray diffraction machine (Bruker D8 Focus,
Bruker AXS Inc., Madison, WI) equipped with a CuKα X-ray source was utilized in
examining the phase composition of deposited samples. XRD patterns were taken at 2θ
angle from 30 degrees to 70 degrees at a scanning rate of 8 deg/min.

2.5

Thermodynamic Properties Testing

Differential scanning calorimetry (DSC) is a technique used for measuring the
amount of heat required to increase the temperature of a sample. The thermal properties
such as the glass transition temperature Tg and crystalline temperature Tx were
characterized using differential scanning calorimetry (DSC, TA Q100). The samples were
scanned in the range of 298K to 773K (23°C to 500°C) in flowing argon gas. The heating
rate was kept constant at 10K/min (0.166K/s). The bulk specimens were sectioned by
diamond blade into square shape with dimension of 5mm × 5mm × 0.5mm.
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2.6

Mechanical Properties Testing

For hardness properties, Vickers microhardness was measured on the crosssectional surface of the deposited samples with a LECO KM 247AT test machine. All
tests were performed under a 200g load and 13s dwell time. Measurements were taken on
both amorphous and crystalline regions, where the amorphous region can be identified as
featureless and shiny areas under an optical microscope. The spacing of indents was at
least 50μm away from the other phase. A LECO RT-370 Rockwell Hardness Tester was
utilized to examine the macrohardness, which indicates the average hardness of asdeposited sample. A scale of superficial Rockwell 15N was chosen for the tests, with a
diamond test indenter, 60kg load and 15s dwell time. Rockwell macrohardness test
results were then converted into Vicker hardness for comparison with the microhardness.
To show the improvements of wear resistance with respect to the increased fraction
of amorphous phase, wear tests were performed on both the deposited amorphous and
fully crystallized samples with a pin-on-disk machine, following the ASTM G99-05
standard. Before tests, samples were machined, polished following the standard
metallographic procedures, and then cleaned with acetone and methanol. Both the loads
of 907 grams (2 lbs) and 2268 grams (5 lbs) were applied with a 12mm Yttria Zirconia
ball. Other parameters including the sliding distance of 300m and sliding speed of 0.3m/s
remained constant.
In order to evaluate the deformation behavior, especially ductility, uniaxial
compression tests were performed on laser direct deposited specimens of Zr-based
metallic glass composite. Three compression specimens were deposited into rod shape
using the optimized laser parameters, which will be discussed in the result section.

32
Deposited specimens were sectioned and ground to the final dimensions of 6.25mm in
diameter and 12.5 mm in height. Uniaxial compression tests were performed on an MTS
Sintech 30/D hydraulic test platform with a 100kN load cell, while measuring strains and
stresses. Specimens were compressed at room temperature, with a constant strain rate at
10-4/s-1 throughout the tests.

2.7

Corrosion Properties Testing

In order to examine the corrosion resistance properties, potentiodynamic
polarization resistance measurements were performed on the top surface of deposited
samples with a Basi Cellstand C3 corrosion testing machine following ASTM G59
standard. Specimens with a 1cm2 of exposed surface were mounted in epoxy resin,
polished by four coarse grits (320, 400, 600 and 800) SiC sand papers, degreased with
acetone and rinsed with distilled water. The corrosion potential was measured with
respect to an Ag/AgCl reference electrode. The test was performed in a 3.5wt% NaCl
solution, which was prepared using analytical grade reagents. The potentiodynamic
polarization tests were performed at scanning rate of 0.166mV/s and applied potential of
± 1V. Corrosion rate (CR) was determined by the following equation given in ASTM
G59 standard:

where CR is given in mm per year (mmpy), icorr is corrosion current density (μA/cm2),
EW is equivalent weight (g/eq) and

is density (g/cm3).
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CHAPTER 3. SYNTHESIS AND CHARACTERIZATION OF FE-BASED
AMORPHOUS COMPOSITE BY LASER DIRECT DEPOSITION

3.1

Introduction

This chapter gives detailed results obtained from Fe-based amorphous composite
coatings prepared from pre-alloyed commercial powder by laser direct deposition. As
discussed in the first chapter, achievement in the fabrication of Fe-based bulk metallic
glass components by laser processing has been limited due to difficulties in the control of
microstructure and catastrophic cracks. In this chapter, Fe-based Fe-Cr-Mo-W-Mn-C-SiB metallic glass composite with embedded crystalline phases was deposited by laser
direct deposition. A crack-free structure was achieved by preheating the substrate before
deposition. Microstructure was characterized by X-ray diffraction (XRD), optical
microscopy, scanning electron microscopy (SEM) and transmission electron microscopy
(TEM). Mechanical properties of composite structure were evaluated.

3.2

Microstructural Analyses
3.2.1

XRD Analysis

In order to analyse the microstructure transition of the laser processed Fe-based
amorphous composite with various depositing layers, X-ray diffraction patterns were
taken on as-received gas atomized powder and sample surfaces with different numbers of
deposited layers, as shown in Figure 3-1. From the patterns taken on as-received powder
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and surfaces of different layer, one can observe a diffuse broad halo peak at the angle
around 44°, which indicates the existence of amorphous phase. Halo peaks that are wider
than 3° and relative smaller in intensity and smoother than peaks of crystalline
correspond to amorphous structure [59]. Narrow and sharp peaks are brought by Bragg
diffraction when X-rays scattered by the periodic arrangement of atoms and these peaks
indicate the existence of periodical structures. Relative fractions of amorphous and
crystalline peak intensity indicate the amount of glassy structure qualitatively.
The XRD patterns of all samples are mainly composed of broad halo peaks, with
various intensities of Bragg diffraction peaks. As can be seen, the relative intensity of
crystalline peaks significantly decreased for the upper layer. This means the fraction of
amorphous structure increased in the upper 6th layer, compared with the initial deposited
layer. The XRD pattern of as-received powder exhibits a single diffusion peak and is free
of crystalline peaks, confirming its fully amorphous nature. Compared with the XRD
spectrum of amorphous powder, we can conclude that the deposition layer contains both
amorphous and crystalline structures. Crystalline peaks in both 1st layer and 6th layer
were characterized to be Cr1.07Fe18.93 , by comparing the three main peaks in the
diffraction patterns with diffraction peaks from standard PDF card of Cr1.07Fe18.93 (PDF
Number: 65-7775). These two elements comprise around 70% of as-received powder.
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Figure 3-1: XRD spectrums of as-received powder, 1st layer sample and 6th layer sample.

The material initially deposited on the substrate during the deposition procedure
experiences a high quenching effect, but this effect would be weakened when depositing
the subsequent layers due to the reduced cooling rate brought by heat accumulation.
Therefore, it should be the first-layer region where most amorphous microstructure is
likely to be observed. However, from XRD results, the amorphous fraction of 1st layer
turned out to be less than that of the 6th layer. The loss of amorphous phases when
depositing single layer structure can be attributed to several possible factors. Firstly, the
substrate was kept at an elevated temperature prior to deposition. This elevated
temperature prior to deposition narrows the difference in cooling rate between the initial
and upper layers. Temperature prior to depositing 6th layer was measured to be around
530°C, which is around 110°C higher than the substrate temperature before depositing
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the initial layer. This difference in temperature is a lot smaller compared with the case
without preheating and the high quenching effect is weakened. In addition, the material
from the substrate can dissolve into the molten pool and causes composition segregation
from the ideal composition. High dilution in the interface region can significantly impact
the glass forming ability of alloy, which facilitates nucleation and growth of crystalline
phases.

3.2.2

Single-layer Deposition of Fe-based Metallic Glass

The composite nature consisting of amorphous and crystalline structure can be
observed from SEM and optical microscopy observations on single/multi-layer deposited
samples, shown in Figure 3-2, Figure 3-3 and Figure 3-4. Figure 3-2(b), (c) and (d) are
high magnification SEM observations of region 1, 2 and 3 in Figure 3-2(a) for a singlelayer deposited sample. The region within two black lines drawn is the overlapping
region between successive laser scans. Figure 3-2(b) was taken on the overlapping region.
As can be seen from Figure 3-2(b), the overlapping area shows a microstructure
consisting of crystalline particles embedded in the amorphous matrix. From Figure 3-2(c)
and Figure 3-2(d), we can observe a featureless microstructure, which is indicated to be
amorphous structure by XRD results. Original amorphous structure in the overlapping
region got crystallized by laser reheating and remelting when depositing successive
tracks. This indicates that the cooling rate experienced during one layer deposition
procedure was high enough to form amorphous microstructure. There is a distinct
interface between the substrate and deposition layer, and no significant dilution products
were observed at the interface. The microstructure of the bottom region shows no
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significant difference from the upper region. The high cooling rate during laser direct
deposition suppresses the diffusion from the substrate material, which is attributed to the
phase transformation into crystallization.

Figure 3-2: SEM observation of single layer deposited structure: (a) overview of
overlapping area; (b), (c) and (d) high magnification SEM observation on region 1, 2 and
3 in Figure 3-2(a).
3.2.3

Multi-layer Deposition of Fe-based Metallic Glass

The amorphous region, with a bright contrast, towards the crystalline region is
shown in Figure 3-3, which is the optical microscopy observation of a 6 layer deposited
structure. The inspection of microstructure revealed two distinct phases, a featureless
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amorphous phase and a ribbon-shape phase with crystalline structure. The overall
microstructure shows the periodically repeated combination of amorphous and crystalline
structures. Similar to the case of single layer deposition, partially crystallized particles
brought by laser reheating and remelting during subsequent laser scans aggregated in the
overlapping area between each scan and layer.

Figure 3-3: Optical microscopy observation of 6 layer deposited structure.
The microstructure observations with SEM of a 6 layer laser-deposited structure
are shown in Figure 3-4, with Figure 3-4(a) to Figure 3-4(d) taken from top to bottom
regions. The regions where Figure 3-4(b), Figure 3-4(c) and Figure 3-4(d) were taken are
shown in Figure 3-3. Figure 3-4(a) was taken on the top edge of deposited sample. Both
amorphous and crystalline structures can be observed. The microstructure exhibits
crystallized phases embedded in the amorphous matrix on the overlapping area. It’s
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necessary to note that, when compared with the microstructure of the single layer
deposited sample, the 6 layer deposition sample exhibits coarser microstructure. This
difference is attributed to the heat accumulation when depositing subsequence layers.
Accumulated heat raised the temperature in the deposited structure and eventually
resulted in reduced cooling rate, which coarsens the crystalline precipitation. The
crystalline structures of the multi-layer deposited sample exhibit sizes varying from a
couple hundred nanometers to several microns, which are larger than those of singlelayer deposited sample.
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Figure 3-4: SEM observation of 6 layer deposited structure: (a)-top region; (b)-top region
on the interface between amorphous and crystalline region; (c)-mid region on
overlapping region; (d)-bottom region.
3.2.4

TEM Observation

The amorphous region of the multi-layer laser direct deposited sample was also
observed using TEM. Figure 3-5 gives the bright-field micrograph and its corresponding
selected-area electron diffraction patterns of featureless region in the multi-layer
deposited sample. The featureless region corresponds to the amorphous phase, which can
be further confirmed by the diffraction pattern. The diffraction pattern contains diffuse
ring patterns, which is the indication of microstructure consisting of amorphous phases.
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Apart from the diffuse ring patterns, some crystalline spots can be also observed in the
diffraction patterns. Although the bright regions in the multi-layer deposited sample
appear featureless under SEM observation, a few precipitated particles with sizes varying
from several nanometers to 50nm embedded in the amorphous matrix were observed via
TEM.

Figure 3-5: TEM bright field micrograph and SAD patterns taken from featureless region
in multi-layer deposited sample.
3.2.5

Discussion

Considering that the crystalline phases aggregated in overlapping regions, we can
conclude that the main source of crystalline phase formation in the deposited sample
should be the reheating and remelting cycles when depositing successive tracks and
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layers. Previously deposited amorphous structure in the heat affected zone gets
crystallized and precipitates into the amorphous matrix during successive laser scans, if
the reheating temperature is higher than the glass transition temperature. When depositing
upper layers, previously deposited lower layers are reheated for a very short amount of
time and thermal energy is rapidly dissipated into the lower layers and substrate. Current
results indicated that the reheating cycle only crystallized a small ribbon-shape heat
affected zones and a majority of amorphous structure in the lower layers remained intact.
Though not sufficient to fully crystallize the lower layers, the short reheating cycle can
coarsen the crystalline phase in the interface regions of previous deposited layer. During
this procedure, previously precipitated crystalline particles can act as nucleating sites for
the formation of coarse crystalline phases. Therefore, reducing the heat affected zone is a
major concern in order to increase amorphous fraction. Experimental results in single
layer deposition show that a lower laser power such as 250W is also sufficient in melting
the powder and synthesizing amorphous structures. However, samples deposited under
250W laser power exhibited a much smaller layer thickness than that of sample deposited
under higher laser power and most amorphous structure got crystallized when depositing
successive layers. With higher laser power, layer thickness increases faster than the
thickness of heat affected zone and eventually higher laser power results in an increasing
fraction of amorphous phase.
It’s conceivable that the cooling rate can be dramatically decreased by cancelling
the dwell time interval between each track and layer, which suppresses the cooling
between successive deposition scan. Figure 3-6 is a typical microstructure for a sample
deposited without the time interval between laser scans. A microstructure with coarse
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crystalline grains was observed and no featureless structure could be found. The
cancellation of time interval suppresses the amount of cooling after each laser scan and
deposited material gets reheated shortly after reaching the highest temperature. Under
such conditions, the deposition procedure couldn’t provide a sufficient cooling rate
required for the formation of amorphous phases. In addition, heat would accumulate in
the deposited layers and crystallize the previous formed amorphous phases.

Figure 3-6: Microstructure for sample deposited without time interval between each scan.
3.3
3.3.1

Properties
Hardness Test

Rockwell 15-N macrohardness tests were taken on the top surface to examine the
average hardness of deposited sample. Rockwell 15-N requires smallest layer thickness to
be 0.15mm. This requirement is still larger than the thickness of 1 layer deposition, which
is around 0.1mm. Therefore, the Rockwell test was carried out only on the top surface of
6-layer deposited samples. As comparison, mirohardness tests were conducted on both
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amorphous and crystalline regions of the cross-sectioned sample. Table 3-1 summarizes
the results of both microhardness and macrohardness tests.
Table 3-1: Rockwell macro hardness and Vickers microhardness values.
Hardness Scale Average Amorphous Region Crystalline Region
95.96±0.45
HR-1.5N
1556±139*
1591±44
947±25
HV0.2
* Converted from Rockwell hardness test results
As can be seen, macro and micro hardness tests both show very high hardness
values for the deposited structure. Average microhardness of stainless 316L substrate is
229±10 HV0.2. The average macrohardness of laser-deposited surface is very close to the
microhardness of the amorphous region, when converted to Vickers hardness. This
suggests that the amorphous phase is the main contributor to the average hardness of the
laser deposited metallic glass. The microhardness of the amorphous region is much
higher than that of crystalline region. Amorphous structure exhibits a great improvement
on hardness.

3.3.2 Wear Resistance Test
In order to further examine the improvement brought by the increased fraction of
amorphous region, wear tests were conducted on two samples: laser-deposited sample
and fully crystallized sample, which is deposited without a time interval between track
and layers. Figure 3-7 shows the volume loss of disk from two different samples with
various loads applied. A 300m total sliding distance was fixed for all tests for both
samples.
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Figure 3-7: Volume loss of the disk after 300m total sliding distance, with loads as 907g
(2lbs) and 2268g (5lbs).
The wear mechanism for all tests was primarily adhesive because a small amount
of wear debris was generated. There is no significant variation in friction coefficient. The
wear loss of fully-crystallized sample is more than 10 times larger than the value of
amorphous-crystalline sample, under loads of 907 g and 2268 g. The volume losses of
amorphous-crystalline composite are 0.185 mm3 and 0.561 mm3, under loads of 907 g
and 2268 g respectively. The volume losses of fully-crystallized sample are 2.600 mm3
and 6.951 mm3, under loads of 907 g and 2268 g respectively. As can be seen, there is a
direct correlation between hardness and wear resistance. Laser direct deposited
amorphous-crystalline composites achieved a larger fraction of amorphous phase with
small regions of crystallized phases embedded. Due to the larger fraction of amorphous
phase, whose hardness is much higher than that of crystalline phase, the macro hardness
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of the deposited samples was close to the hardness of the amorphous phase and resulted
in much less volume loss in wear tests. In summary, the increased fraction of amorphous
phase improved the wear resistance of laser direct deposited metallic glass composite.
It’s interesting to note that fully amorphous structure is not always beneficial to
strength and fracture toughness. It has been reported that fracture can be suppressed by
limiting strain localization by secondary reinforcing phases and precipitated phases can
be beneficial to distribute the shear bands, which act as the main mechanism for the
failure of metallic glasses [60]. The embedded precipitated crystalline phases in the
amorphous matrix produced by laser direct deposition could be beneficial to the
enhancement of strength and fracture toughness.
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CHAPTER 4. IN SITU SYNTHESIS AND CHARACTERIZATION OF ZR-BASED
AMORPHOUS COMPOSITE BY LASER DIRECT DEPOSITION

4.1

Introduction

In this chapter, Zr65Al10Ni10Cu15 amorphous composite was in-situ synthesized by
multi-layer laser direct deposition with elemental powders by carefully controlling the
thermal cycles. The result of synthesizing large scale amorphous composite structure with
good ductility is presented and uniaxial compression deformation behavior is shown. To
the best of the authors’ knowledge, no attempt has been reported on the in-situ laser
additive synthesis of amorphous composite using elemental powders and the compression
properties of the resultant alloy. The scope of this study includes microstructural
characterization and thermal analysis, as well as the evaluation of mechanical and
corrosion properties.
4.2

Composition Optimization

As mentioned previously, the actual compositions in the deposition layer will differ
from initial ones, due to different feeding rates for each powder. The flow rate of powder
carried by the argon flow is decided by the flowability, which can be varied by factors
such as powder geometry, particle size and humidity. Therefore, in order to achieve the
target composition of Zr65Al10Ni10Cu15 (at %), several attempts were made with various
initial compositions. Due to relatively small particle sizes of Al and Cu, atomic ratios of
both elements were raised in the first trial. Samples were deposited, post-processed with
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metallographic examination procedures and then analyzed by EDS in order to obtain
actual compositions in the deposited structures. EDS spectrums were taken at 5 different
locations at the top surface of deposited samples. In order to eliminate the contamination
materials from the Inconel substrate, EDS analysis was performed on the top region of 8layer deposited samples. Actual compositions were obtained by averaging all the data
obtained. Samples for composition optimization were deposited under laser parameters
shown in the following: laser power of 200W, laser scanning speed of 30mm/s and layer
thickness of 0.254mm. This set of laser parameters were chosen according to preliminary
experiments to create a thick enough structure. After obtaining the target composition,
laser parameters are optimized for the formation of amorphous phase as will be discussed
in the following paragraph. Table 4-1 summarizes the comparison between initial and
actual compositions. A total of 4 attempts were made in order to approach the target alloy
of Zr65Al10Ni10Cu15. As can be seen, the optimized initial ratio for each element is:
Zr:Al:Ni:Cu = 63:13:10:14 (at%). The sample deposited from the powder mixed with the
atomic ratio at Zr:Al:Ni:Cu = 63:13:10:14 obtained the actual composition closest to the
target one.

Table 4-1: Compositional comparison for various initial and actual compositions.
Attempt No.
Initial Composition Actual Composition
Zr65Al10Ni10Cu15
Target composition
Zr57Al15Ni11Cu17
Zr55.5Al11.6Ni10.5Cu22.3
Comp 1
Zr66Al13Ni10Cu11
Zr70.3Al11.1Ni9.7Cu8.8
Comp 2
Zr64Al12Ni11Cu13
Zr67.2Al9.16Ni12.5Cu11.2
Comp 3
Zr63Al13Ni10Cu14
Zr65.4Al10.2Ni10.6Cu13.7
Comp 4
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4.3

Microstructural Analyses
4.3.1

XRD Analysis

Laser parameters were further explored for the formation of amorphous phase
with the optimized composition. The relative ratio of amorphous phase was analyzed by
the intensity and peak width of amorphous phase. Figure 4-1 and Figure 4-2 are XRD
patterns from samples deposited with various laser parameters. From the XRD pattern of
the sample deposited under laser power of 250W and scanning speed of 10mm/s, a
diffuse broad halo peak can be observed at the angle around 38°, which is characterized
to be the amorphous peak. Halo peaks that are wider in peak width, smaller in intensity
and smoother than peaks of crystalline correspond to amorphous structure [59].
Crystalline peaks are narrower and sharper due to Bragg diffraction when X-rays scatter
by the periodic arrangement of atoms. Apart from the amorphous peak, there are also
several crystalline peaks, which correspond to Ni10Zr7, ZrCu and NiZr phases. Relative
intensities of amorphous and crystalline peaks qualitatively indicate the ratio of each
phase.
The influence of laser scanning speed on XRD spectrums is shown in Figure 4-1.
Samples shown in Figure 4-1 were deposited with various scanning speeds, while laser
power was fixed at 250W. As can be seen, the fraction of amorphous phase can be
significantly reduced with increasing laser scanning speed. The width of amorphous peak
at the angle around 38°gradually decreased and eventually disappeared when scanning
speed reached 30 mm/s. Therefore, the specimen deposited under the smallest laser
scanning speed obtained the largest ratio of amorphous phase. This influencing trend of
laser scanning speed is different from several reported cases [52, 57]. In these cases,
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larger laser scanning speed contributed to the formation of amorphous phase due to larger
cooling rate. This difference in the influence of scanning speed can be attributed to
several factors. Firstly, Zr65Al10Ni10Cu15 alloy obtains better glass forming ability,
compared with reported [52] Zr60Al15Ni25. The critical cooling rate of Zr65Al10Ni10Cu15 is
around 10K/s [32], which can be easily achieved during a laser direct deposition process.
Therefore, the cooling rate is not a critical factor in synthesizing Zr65Al10Ni10Cu15
metallic glass by laser direct deposition and amorphous phase can be obtained under a
relative small scanning speed. Secondly, apart from the cooling rate, compositional
homogeneity is also a critical factor because amorphous structure can only be obtained
within a narrow range of composition. Increased laser scanning speed will reduce the
time of solidification process in the molten pool. This will suppress the diffusion of
elemental materials and result in locally inhomogeneous composition, which can impact
the formation of amorphous structure. On the contrary, lower laser scanning speed results
in the higher fraction of amorphous phase, due to sufficient energy input provided.
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Figure 4-1: XRD patterns for samples deposited with various laser scanning speed, laser
power was fixed at 250W.
Another influencing factor on energy input is laser power. Figure 4-2 shows XRD
patterns for samples deposited under various laser power levels at a fixed scanning speed.
As can be seen, the microstructure of specimens deposited under 200W laser power
consisted of mainly crystalline phases, while it contains mostly amorphous phase at
250W. However, larger laser power is not always beneficial. With increasing laser power,
the thickness of heat effect area increases, and the previously formed glassy structure is
crystallized, which eventually results in a reduced amorphous phase content.
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Figure 4-2: XRD patterns for samples deposited with various laser powers, laser scanning
speed was fixed at 10mm/s.
4.3.2

SEM Observation

Laser parameters were optimized in order to achieve larger ratio of amorphous
phase. An amorphous phase peak with larger peak intensity and broader peak width
indicates a larger ratio of amorphous phase. Therefore, the optimized laser parameters
were determined to be: 250W in laser power and 10mm/s of scanning speed. From the
XRD spectra, the samples deposited under optimized parameters are composed of both
amorphous and crystalline structures. This composite nature can be also confirmed by
SEM observations of the cross section of 8-layer deposited samples, as shown in Figure
4-3. Figure 4-3(b), (c) and (d) are high magnification SEM observations of region 1, 2
and 3 in Figure 4-3(a). From Figure 4-3(b), a featureless microstructure can be observed
with a small amount of crystalline particles precipitated in the featureless matrix. The
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featureless region corresponds to the amorphous structure observed by XRD spectrums.
Figure 4-3(c) was taken from the overlapping region between each laser scan and
previously deposited layer. The microstructure of overlapping region is composed of a
large number of crystalline particles precipitated. Initially formed amorphous structure
got crystallized by laser reheating and remelting when depositing successive tracks and
layers. The crystalline region exhibits very fine microstructure, with precipitated particles
smaller than 1μm in diameter. Figure 4-3(d) shows that the interface region between
amorphous and crystalline structures is not distinct. The density of precipitated particles
gradually reduces from the overlapping region to the featureless one. This suggests that
the microstructural difference can be mainly attributed to the difference in thermal history.
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Figure 4-3: SEM observation of 8-layer deposited structure: (a) overview of overlapping
area; (b), (c) and (d) high magnification SEM observation on region 1, 2 and 3 in Figure
4-3(a).

4.3.3

EDS Analysis

Figure 4-4 displays EDS mapping results showing the distribution of each element,
taken on the interface between amorphous and crystalline regions. Raw materials used for
laser direct deposition are elemental powders rather than pre-alloyed powder. Therefore,
the distribution of each element is essential in the formation of amorphous phase. The
bright dots in EDS mapping describe the signal obtained via the EDS detector and
provide the information on the distribution of each element. As can be seen, all elements
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are homogeneously distributed in the deposited sample. There is no distinguishable
difference in the densities of bright spots between the amorphous and crystalline regions.

Figure 4-4: EDS mapping on the overlapping region, regarding Zr, Al, Ni and Cu element.
To examine the atomic ratios quantitatively, EDS regional scanning analyses were
performed on both amorphous and crystalline regions, as shown in Figure 4-4.
Quantitative atomic percentages for Zr, Al, Ni and Cu elements were summarized in
Table 4-2. Approximate compositions remain similar for amorphous and crystalline
regions. There is around 1% deviation in the atomic composition. Therefore, the
composition is not the main contribution to the microstructural difference between
amorphous and crystalline regions. Considering that the crystalline particles mainly
aggregated in overlapping regions, we can conclude that the main source of crystalline
phase formed in the deposited samples should be the reheating and remelting cycles when
depositing successive tracks and layers.
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Table 4-2: EDS regional scanning analysis on both amorphous and crystalline regions.
Atomic Percentages
Element Target Amorphous Crystalline
10.198
9.664
10
Al
9.269
9.743
10
Ni
14.210
16.277
15
Cu
66.323
64.317
65
Zr

4.4
4.4.1

Properties

Hardness Testing

Properties of hardness, thermal behavior and corrosion resistance of Zr-based
metallic glasses were analyzed and presented in this section. Vicker’s microhardness tests
were performed on both amorphous and crystalline regions on the cross-sectioned sample
surface. In addition, Rockwell 15-N macrohardness tests were taken on the top surface to
examine the average hardness of deposited sample. Both tests were performed 5 times at
each location and the results were averaged. Both the microhardness and macrohardness
test results are listed in Table 4-3. As can be seen, the microhardness of the featureless
region is around 35% higher than that of the crystalline region. Amorphous phase
exhibits an improved microhardness. For Zr65Al10Ni10Cu15 amorphous prepared by hot
rolling [61], highest microhardness was obtained under the rolling ratio of 60%, which is
around 6.5 GPa (HV 662.8). The amorphous structure of Zr65Al10Ni10Cu15 alloy prepared
by laser direct deposition achieves higher microhardness. Though the average
macrohardness shows a relative large standard deviation, the average macrohardness is
still very close to the value of microhardness of amorphous region when converted. This
indicates that the amorphous phase is the main contributor to the average hardness of
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amorphous/crystalline composite. The existence of crystalline phase didn’t significantly
impact the average hardness.

Table 4-3: Rockwell macro hardness and Vickers microhardness values.
Hardness
Amorphous region Crystalline region
711.9±11.1
524.4±24.7
HV0.2
89.65±1.31 (HV 670±70)
Rockwell-HR15N
4.4.2

Compression Test

From compression tests, all specimens exhibited very similar yield strengths,
fracture strengths and fracture strains. Figure 4-5 shows stress-stain responses of two
laser direct deposited Zr65Al10Ni10Cu15 specimens, under the compression at room
temperature. As can be seen, the laser deposited Zr65Al10Ni10Cu15 exhibits significant
ductility and some plasticity, and the fracture strains for both specimens were as high as
around 5.7%. Measured yield strength and fracture strength are 1390 MPa and 1684 MPa.
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Figure 4-5: Typical stress-strain curve of compression test on laser deposited
Zr65Al10Ni10Cu15.
Table 4-4 summarizes compression properties of laser direct deposited
Zr65Al10Ni10Cu15. Several fully amorphous Zr-based metallic glasses were also included
for comparison. Compared with fully amorphous Zr64.13Cu15.75Ni10.12Al10 metallic glasses
[62], laser direct deposited Zr65Al10Ni10Cu15 shows very similar fracture stress and
slightly reduced yield strength. However, fracture strain is distinctly improved from
around 2% to more than 5.5%. Compared with other well-studied Zr-based metallic
glasses, laser direct deposited Zr65Al10Ni10Cu15 composite exhibits significantly improved
fracture strain.
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Table 4-4: Compressive properties of laser deposited specimens, several Zr-based fully
amorphous metallic glasses were also included for comparison.
Synthesize

Specimen

technic

σy(MPa) σf(MPa) εy(%) εf(%)

Zr65Al10Ni10 Cu15

Laser deposition

1390

1684

4.1

5.8

Zr64.13Cu15.75Ni10.12Al10 [62]

Arc melting

1600

1750

1.4

1.8

Zr55Cu30Al10Ni5 [63]

Plasma Sintering

1410

1420

-

-

Zr41.25Ti13.75Cu12.5Ni10Be22.5 [64]

Arc melting

1900

1900

-

2

Zr57Nb5Al10Cu15.4Ni12.6 [65]

Arc melting

1800

1800

-

2

Zr50Cu40Al10 [66]

Arc melting

1890

0.7

1

Zr38Ti17Cu10.5Co12Be22.5 [67]

Extrusion

1942

-

2.4

Zr52.5Cu17.9Ni14.6Al10Ti5 [68]

Arc melting

-

3

Zr57Ti5Cu20Ni8Al10 [69]

Arc melting

3

3.2

4.4.3

1500

1600

Thermal Behavior

DSC analysis was conducted from room temperature to 500°C (773.15K), under a
heating rate 0.166K/s (10K/min). Figure 4-6 shows the DSC curve from 600K to
773.15K. As can be seen, a typical glass transition region can be observed in the
temperature range from 640K to 775K and a distinct change in the derivative of heat
input was observed in this range. The DSC curve can be divided into three regions: 1.
The temperature range from 600K to around 640K is a glassy region with a relatively
smaller heat absorption rate; 2. The temperature range from 640K to around 675K is a
transition region, where the derivative of heat input starts to increase; 3. The temperature
region higher than 675K can be characterized as a high-elastic region. Glass transition
temperature Tg was obtained by fitting the tangent lines to the glassy and transition
regions. The glass transition temperature Tg was obtained from the point of intersection
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between two tangent lines of glassy and transition regions and was calculated to be
around 655K. Tx crystalline temperature was measured to be around 715K. The observed
glass transition region and glass transition temperature Tg confirm the existence of
amorphous phase. The glass transition temperature Tg and crystalline temperature Tx of
laser direct deposited specimen are very close to the literature reported data of the
amorphous Zr65Al10Ni10Cu15 alloy prepared by hot extrusion [58], which are around
650K and 725K, respectively.

Figure 4-6: DSC curve of laser direct deposited Zr65Al10Ni10Cu15.
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4.4.4 Corrosion Resistance
In order to examine the improved corrosion resistance brought by the amorphous
structure,

corrosion

tests

were

performed

on

the

top

surfaces

of

both

amorphous/crystalline composite and fully-crystallized samples. Amorphous/crystalline
composite samples were prepared under optimized laser parameters. However, fullycrystallized samples were prepared with the exact same parameters and then followed
with an annealing process at 700°C for 2 hours. The corrosion potential was measured at
room temperature 25°C with respect to an Ag/AgCl reference electrode, which is stored
in a 3 mol/L NaCl solution. The electrode potential for Ag/AgCl reference electrodes is
0.205V.
Figure 4-7 shows the Tafel curve of laser deposited Zr65Al10Ni10Cu15 alloy, for
both the amorphous composite and fully-crystallized samples. The corrosion potential
Ecorr and current Icorr were calculated by fitting the Tafel curve and summarized in Table
4-5. Corrosion potential Ecorr is a thermodynamics parameter, which describes the
potential to corrode. A typical electrochemical reaction will take place between two
different electrodes. The electrode with higher Ecorr will serve as negative electrode and
be protected. Therefore, higher Ecorr suggests better resistance towards corrosion.
Corrosion current density Icorr is a kinetics parameter, which describes the speed of
corrosion. Smaller Icorr indicates smaller corrosion speed. On the aspect of fullycrystallized sample, as can be seen in Figure 4-7 the Ecorr is around 220mV lower and Icorr
is around 6 times higher compared with those of amorphous composite. This indicates
that the amorphous phase significantly reduces the corrosion speed and also makes the
deposited sample to have better corrosion resistance under corrosive environments. The
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corrosion rate of fully-crystallized sample is around 4 times that of amorphous composite.
The existence of amorphous phase significantly improved the corrosion resistance of
laser deposited Zr65Al10Ni10Cu15 alloy.
Corrosion behavior of metallic glasses is strongly dependent of experimental
conditions such as electrolyte and temperature. To the best of authors’ knowledge,
corrosion rate of Zr65Al10Ni10Cu15 metallic glass has not been reported. Corrosion rates of
similar Zr-based metallic glasses under similar experimental conditions (0.5-0.6 mol/L
NaCl electrolyte, room temperature) have been reported to be around 10 -3-10-2 mmpy
[27,32]. Laser direct deposited Zr65Al10Ni10Cu15 composite exhibits close corrosion rate,
compared to the fully amorphous Zr-based metallic glasses.
Corrosion behavior of metallic glasses is strongly dependent on experimental
conditions such as electrolyte and temperature. To the best of authors’ knowledge, the
corrosion rate of Zr65Al10Ni10Cu15 metallic glass has not been reported. Corrosion rates of
similar Zr-based metallic glasses under similar experimental conditions (0.5-0.6 mol/L
NaCl electrolyte, room temperature) have been reported to be around 10 -3-10-2 mmpy
[27,32]. Laser direct deposited Zr65Al10Ni10Cu15 composite exhibits the corrosion rate
close to those of the fully amorphous Zr-based metallic glasses.
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Figure 4-7: Tafel curve of laser deposited Zr65Al10Ni10Cu15 alloy, for both
amorphous/crystalline composite and fully-crystallized sample.

Table 4-5: Corrosion potential Ecorr and current density Icorr for amorphous composite
and fully-crystallized sample.
Corrosion properties
Amorphous/crystalline
composite
Fully-crystallized sample

Ecorr (mV)

Icorr (mA/cm2)

Corrosion Rate
(mmpy)

152.556

0.040

0.869 259e-3

-70.548

0.295

3.525 93e-3
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CHAPTER 5. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

5.1

Conclusion

5.1.1 Fe-based Amorphous Composite
In this study, crack-free Fe-Cr-Mo-W-Mn-C-Si-B metallic glass composites with
a large fraction of amorphous structure were synthesized by laser direct deposition. The
microstructure and mechanical properties of laser direct deposited samples were
investigated.
1. The XRD inspection revealed that the microstructure of laser deposited samples
consists of both amorphous and crystalline phases. TEM analysis further confirmed the
existence of amorphous phase. Crystalline phase embedded in the amorphous matrix was
characterized to be Cr1.07Fe18.93. The fraction of amorphous phase increased with the
increased number of deposition layers.
2. SEM images show that the microstructure exhibited periodically repeated
microstructures of amorphous and crystalline phases. The formation of crystalline phase
in the overlapping region was attributed to the reheating cycles during successive laser
scans. No significant differences in microstructure were observed from first to the last
layer.
3. The amorphous phase exhibits a microhardness of HV0.2 1591, which is much
higher value than that of the crystalline phase (HV0.2 947). The average hardness
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measured by Rockwell macrohardness retains more than 95% microhardness of the
amorphous phase.
4. After 300 meters wear distance with 902 grams and 2268grams loads, the
volume losses of fully-crystallized sample are more than 10 times larger than those of
amorphous-crystalline sample. Wear resistance of laser direct deposited metallic glass
sample could be significantly improved by the amorphous phase.

5.1.2 Zr-based Amorphous Composite
In this study, defect-free Zr65Al10Ni10Cu15 metallic glass composites with a ratio of
amorphous structure were synthesized by laser direct deposition. The microstructure and
mechanical properties of laser direct deposited samples were investigated.
1. Samples deposited using powder mixed with the atomic ratio of
Zr(63):Al(13):Ni(10):Cu(14) attain the actual composition closest to the target alloy
Zr65Al10Ni10Cu15.
2. The optimized laser parameters for the formation of amorphous phase are: 250W
laser power and 10mm/s laser scanning speed. The XRD inspection revealed that the
microstructure of laser deposited samples consists of both amorphous and crystalline
phases. EDS mapping reveals that all elements are homogeneously distributed.
3. In mechanical properties, the amorphous phase exhibits a microhardness of
HV0.2 711.9, which is around 35% higher than the value of the crystalline phase (HV0.2
524.4). The average hardness measured by Rockwell macrohardness retains around 90%
microhardness of the amorphous phase. The Zr65Al10Ni10Cu15 amorphous composite
synthesized by laser direct deposition exhibits an ultimate strength of 1684 MPa, which is

66
nearly the same as the value (1750 MPa) of alloys prepared by arc-melting. The fracture
strain is significantly improved from 2% to more than 5.5%, due to the present of
crystalline reinforcement phase.
4. DSC analysis of laser direct deposited Zr-based metallic glass further confirms
the existence of amorphous structure. The glass transition temperature Tg and crystalline
temperature Tx are almost the same with the amorphous Zr65Al10Ni10Cu15 alloy prepared
by hot extrusion.
5. Compared with fully crystallized specimens, laser deposited amorphous
composite exhibits superior resistance to corrosion situations, and also a lower corrosion
rate.

5.2

Suggestions for Future Work

The objectives of this work were to investigate and develop a better understanding
of the fundamental processes and behavior of laser direct deposited Fe-based and Zrbased metallic glass composites. As can be seen from the current work, laser direct
deposition is capable of synthesizing the metallic glass composites from both pre-alloyed
and elemental powders. Although a number of aspects have been discussed, some issues
need further study.
The exact nature of the correlations between the process parameters and the
microstructure of deposited specimens are not well understood. Both numerical and
experimental approaches will help to obtain a better understanding and control of the
microstructure.

67
On the aspect of Fe-based amorphous composite, deposited thickness is still limited
due to too large thermal stress and limited fracture toughness. The thermal stresses
developed during laser direct deposition should be studied using a combination of
numerical and experimental approaches.
Currently ductility of Zr-based metallic glass has been significantly improved by
introducing the nanocrystalline reinforcement phase. More study is required to further
improve the ductility and fracture toughness in order to enhance the structural
applications.
Uniaxial compression properties of Zr-based amorphous composite have been
discussed in the current study; however, it is also necessary to understand the behavior of
laser direct deposited amorphous composite under tensile and bending loads.
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